1. Phenylalanine is converted into tyrosine by incubation in air with 6,7dimethyltetrahydropterin, which is a cofactor for the enzymic hydroxylation. This can cause serious inaccuracies in assays of phenylalanine hydroxylase. 2. The non-enzymic reaction is not specific for L-phenylalanine. 3. m-Tyrosine, o-tyrosine and dihydroxyphenylalanines are formed in addition to p-tyrosine; their chromatographic separation and assay are described. 4. L-[14C]Phenylalanine as purchased or soon after purification contains p-and m-tyrosine, both of which can cause errors in the assay of phenylalanine hydroxylase. 5. Catalase prevents the non-enzymic hydroxylation. Thiol compounds in low concentrations stimulate the reaction but in high concentrations are inhibitory. Fe2+ and metal complexing agents have small stimulatory effects. 6. The mechanism of the non-enzymic reaction and its possible relation to the enzymic hydroxylation of phenylalanine are discussed; it is suggested that phenylalanine is attacked by a peroxide of the cofactor.
Phenylalanine is enzymically converted into tyrosine by molecular oxygen acting with phenylalanine hydroxylase and a cofactor (Kaufman, 1962) though recent observations suggest the participation of other substances (Bessman & Huzino, 1969; Kaufman, 1970; S. Su Gillam & L. I. Woolf, unpublished work) . The naturally occurring cofactor is tetrahydrobiopterin, but other tetrahydropterins are also active (Storm & Kaufman, 1968) , the most readily available and most widely used being 2 -amino -4 -hydroxy -6,7 -dimethyl -5,6,7,8tetrahydropteridine.
The tetrahydropterins are reported to undergo oxidation by molecular oxygen, possibly with the formation of hydrogen peroxide (Kaufman, 1962) ; free hydroxyl radicals may be formed (Bobst & Viscontini, 1966) . Phenylalanine is oxidized to o-, mand p-tyrosine in the presence of tetrahydropterins, which act catalytically when present in high concentrations (e.g. 10mM) together with Fe2+ (Bobst & Viscontini, 1966; Viscontini, Leidner, Mattern & Okada, 1966) . We have measured the rate of formation of the various hydroxylated phenylalanines and determined the effect of thiols and catalase on the reaction; the conditions were similar to those used in our standard assay of phenylalanine hydroxylase (Woolf, Jakubovic, Woolf & Bory, 1970) . Possible mechanisms are discussed. Our results indicate that the amount of tyrosine formed non-enzymically must be taken into account in determining low phenylalanine hydroxylase activities.
MATERIALS L-[U-14C]Phenylalanine (360mCi/mmol) was purchased from International Chemical and Nuclear Corporation (Irvine, Calif., U.S.A.) and purified by one-dimensional paper chromatography in butan-l-ol-acetic acid-water Other materials used were as reported in the preceding paper (Jakubovi6, Woolf & Chan-Henry, 1971 ).
METHODS
L-Phenylalanine, 10mM in 0.2 M-sodium phosphate buffer, pH 6.8, containing NADH (0.8mM), nicotinamide (5 mM) and various amounts of 6,7-dimethyl-5,6,7,8tetrahydropterin, dithiothreitol and catalase, was sterilefiltered and thereafter handled aseptically. The solution was incubated at 250C with shaking in air. Incubation was for periods of from 20min to 120h, timed from the addition of dimethyltetrahydropterin, which was always added last; sterility was not maintained for the shorter incubation times. The p-tyrosine formed was determined by Phillips' (1967) modification of the fluorimetric method of Waalkes & Udenfriend (1957) , by using an Aminco-Bowman spectrophotofluorimeter.
Paper chromatography of reaction products was onedimensional, on Whatman no. 1, no. 40 or no. 20 paper, in either 2-methylpropan-l-ol-propan-2-ol-NH3 solution (sp.gr. 0.89)-water (6:2:1:1, by vol., solvent 1) or in butan-l-ol-acetio acid-water (4:1 :1, by vol., solvent 2). When [U-'4C]phenylalanine or [14C]tyrosine was the substrate, the chromatogram was scanned by using a Packard model 7201 radiochromatogram scanner. Appropriate areas were cut out, before or after spraying, and placed in vials, then 0.5 ml of water was added and, 30 min later, lOml of scintillation fluid [5g of 2,5-diphenyloxazole, 50mg of 1,4-bis-(5-phenyloxazol-2-yl(benzene, 80g of naphthalene/l of a mixture of ethanol-dioxan-toluene, 1:1:1, by vol.]; radioactivity was measured in a Nuclear-Chicago mark I liquid-scintillation counter. The chromatograms were sprayed with ninhydrin or with diazotized sulphanilamide (Block, Durrum & Zweig, 1958) .
RESULTS
Incubation of L-phenylalanine with dimethyltetrahydropterin at pH 6.8 in the absence of any enzyme resulted in a small but measurable formation of tyrosine as measured fluorimetrically. The amount formed increased with time of incubation ( Fig. 1 (Table 1) . The presence or absence of NADH or nicotinamide had no significant effect. The rate of formation of tyrosine in 0.2m-sodium phosphate buffer was 1.5 times that in 0.01 M-sodium phosphate buffer, both at pH 6.8. Catalase (915 units/ml) completely prevented the hydroxylation.
In the presence of trichloroacetic acid (final concentration 5%, pH2.0), tyrosine was formed more slowly than at pH6.8. However, the formation of tyrosine continued, measurable amounts being formed after 16h even at 4C. Effect of concentration of phenylalanine and of dithiothreitol. The amount of p-tyrosine formed in a given time increased with phenylalanine concentration ( Fig. 3 ). Dithiothreitol at concentrations between 1 and 5 mm increased the reaction velocity, but higher concentrations were inhibitory, 20mM- The incubation mixture contained phenylalanine (10lmol), dimethyltetrahydropterin (1 ,mol), NADH (0.8,umol) and nicotinamide (5,umol) dithiothreitol producing 97 % inhibition with 1 mmphenylalanine, but only 40% inhibition with 68mMphenylalanine (Fig. 3) . The inhibitory effect of high concentrations of mercaptoethanol (Fig. 2 ) resembled that of dithiothreitol both qualitatively and quantitatively; the effect of low concentrations of mercaptoethanol was not investigated. Effect of variou8 additive8. Under our conditions, 0.05mM-ferrous sulphate had only a slight stimulatory effect on the non-enzymic formation of tyrosine, which was moderately enhanced by EDTA (Table 2) . Cyanide (2mM) or oaoc'-bipyridyl (1 mm) did not greatly affect the rate of formation of tyrosine, with or without added ferrous sulphate and with or without EDTA.
Non-enzymic hydroxylation of Bub8trate8 other than L-phenylalanine. As measured fluorimetrically, Dphenylalanine gave as high a yield of tyrosine as did L-phenylalanine.
The peptides tyrosyl-leucine and leucyltyrosine were carried through the fluorimetric assay for tyrosine. Mole for mole, tyrosyl-leucine gave 68% and leucyltyrosine 100% of the fluorescence given by tyrosine. For both peptides the fluorescence reading was proportional to the concentration over the range examined (0 to O.1mm). When phenylalanyl-leucine and leucylphenylalanine were incubated with dimethyltetrahydropterin etc., as measured by the fluorescence, tyrosyl-leucine and leucyltyrosine were formed at 79% and 133%, respectively, of the rate of formation of tyrosine from phenylalanine under the same conditions. Identification of producot of the non-enzymic reaction. o-Tyrosine and m-tyrosine gave no fluorescence in the standard assay procedure for p-tyrosine, hence paper chromatographic methods were used for their separation, identification and determination. Chromatography for 90 to 120h on Whatman no. 20 or no. 40 paper was necessary to give adequate separation of p-and m-tyrosines for quantitation. T.l.c. on cellulose (Eastman-Kodak no. 6065) in solvent 1 shortened the time required for separation but had no other advantages.
Paper chromatography of the products of incubation showed, in addition to phenylalanine, three major spots with the RF values and colour reactions of o-, m-and p-tyrosine (Table 3) . Added o-, mor p-tyrosine co-chromatographed with the appropriate incubation product. Further substances that were able to react with ninhydrin and (6, uCi/, umol) in 0.01 M-sodium phosphate buffer, pH6.8, and was incubated similarly. Unlabelled o-, m-and p-tyrosines were added before chromatography in solvent 1. One-fifth of the total incubation volume was applied to the paper. For the incubation, radioactivity counts from corresponding areas of a simultaneously run chromatogram of a control incubation, from which only dimethyltetrahydropterin was omitted, have been subtracted (except for phenylalanine). For the blank incubation, radioactivity counts have been corrected on an area basis for tailing of the very radioactive phenylalanine.
Relative The solutions in 0.025 -sodium phosphate buffer, pH6.8 (0.01 M-phosphate, pH 6.5, for the tubes containing glucose oxidase), were inoubated for 4h at 250C with shaking in air. diazonium salts were also formed (e.g. X and Y, Table 3 ); there were two or three overlapping spots near spot Y and also more than one substance appeared to behave like spot X. There were also coloured products of low RF. As the concentration of dimethyltetrahydropterin was increased and the concentrations of phenylalanine, phosphate and dithiothreitol were decreased, relatively more of spots X and Y and less of the three tyrosines tended to be formed. The o: m :p proportion also varied.
Incubation of purified L-[14C]phenylalanine with dimethyltetrahydropterin etc. before paper chromatography gave radioactive spots corresponding in position to those detected visually, including spots X and Y (Table 3) , and no additional spots other than phenylalanine and a small spot of high RF. Thus 12.5% of the phenylalanine was converted into these products (including 0.64% to ptyrosine) after 24h of incubation (Table 3) The L-[U-14C]phenylalanine as purchased gave a radiochromatogram with the same pattem of peaks as seen in the mixture after incubation, mand p-tyrosine accounting for 3.7% of the total radioactivity (about 33% pand 67% m-). When [14C]phenylalanine was purified by paper chromatography and immediately used for the incubation with dimethyltetrahydropterin, the usual pattern of peaks was seen on the radiochromatogram of the incubation mixture but a control incubation in which dimethyltetrahydropterin was omitted gave only very low peaks other than that of phenylalanine.
When o-, m-and p-tyrosine were incubated separately with dimethyltetrahydropterin under the same conditions as for phenylalanine, paper chromatography showed no spots additional to that of the starting substance and there was no apparent loss of starting material; spots X and Y were absent in all three cases. When [U-14C]tyrosine, with or without unlabelled phenylalanine, was incubated for 5h at 25°C with dimethyltetrahydropterin (1 and 4mM), dithiothreitol (6 and 24mM respectively), and 0.01 M-sodium phosphate buffer, pH 6.8, the pattern of radioactive spots after paper chromatography in solvents 1 and 2 was the same as that of the starting material; no additional radioactive substance was detected and the [14C]. tyrosine did not appear to have undergone any change. However, where unlabelled phenylalanine was present in addition to [14C]tyrosine, the characteristic pattern of non-radioactive reaction products appeared after spraying the chromatogram.
Effect of hydrogen peroxide on phenylalanine. Incubation of phenylalanine with hydrogen peroxide produced only traces of p-tyrosine (Table  4) , an amount far less than when dimethyltetrahydropterin was used. Paper chromatography revealed traces only of the three tyrosines and no detectable X or Y spots after incubation.
DISCUSSION
Under the conditions we used, comparable with those used in the enzyme assays, 6,7-dimethyltetrahydropterin catalyses the formation of p-, m-and o-tyrosines from phenylalanine and molecular oxygen in the absence of any enzyme. The rate of non-enzymic formation of p-tyrosine is only about 8% of that in the presence of phenylalanine hydroxylase from normal mouse, rat or human liver in our standard procedure, which uses 7 mg of liver in lml (Jakubovid et al. 1971) ; however it is high LANINE HYDROXYLATION 573 enough to be measurable and could cause inaccuracies in assays of enzymic activity if this were low. This must be taken into account in the determination of low phenylalanine hydroxylase activities, such as have been reported in extra. hepatic tissues or some patients with phenylalaninaemia (Justice, O'Flynn & Hsia, 1967) . Addition of catalase and/or sufficient dithiothreitol or mercaptoethanol to the incubation medium inhibits the nonenzymic reactions. Bobst & Viscontini (1966) and Viscontini et al. (1966) used lOmM-dimethyltetrahydropterin, which is 20 times the concentration used in our standard assay procedure for phenylalanine hydroxylase. Although they reported formation of p-, mand o-tyrosines from phenylalanine, they found that Fe2+. and EDTA were necessary and that cyanide was inhibitory. Their conditions were, therefore, completely different from ours and their results cannot easily be related to those of enzyme assays.
It has not previously been reported that peptides containing tyrosine residues give fluorescence in the procedure of Waalkes & Udenfriend (1957) . We find that tyrosyl-leucine and leucyltyrosine give about the same intensity of fluorescence as equimolar amounts of tyrosine. It seems likely that other dipeptides and higher peptides containing tyrosine residues would behave similarly.
p-Tyrosine and m-tyrosine are very difficult to separate by paper chromatography and, in methods using [140] phenylalanine to assay enzymic activity, p-tyrosine and m-tyrosine radioactivities would tend to be measured together. The small amounts of radioactive pand m-tyrosine present in commercial [14C]phenylalanine, even shortly after purification, can be a further source of error.
L-[14C]Phenylalanine as purchased was nominally of 99% purity, but it was found to contain about 1.2% of p-[14C]tyrosine and 2.5% of m-[14C]tyrosine as well as considerable amounts of other radioactive impurities. It was found by Chou, Kesner & Ghadimi (1970) that 14C-labelled amino acids as purchased, and nominally 99% pure, contained up to 18.5% of radioactive impurities, presumed to be breakdown products.
The relative amounts of tyrosine isomers found after the non-enzymic reaction are in the approximate proportion o:m:p of 2:3:1. In electrophilic substitution, the side chain of phenylalanine would be expected to be strongly o-and p-directing, as the molecule resembles toluene (Ingold, 1969) . Guroff et al. (1967) have suggested that, in the enzymic hydroxylation of phenylalanine, the first reaction is addition of OH+. The hydroxyl cation, OH+, would be strongly electrophilic and, in homogeneous solution, would probably enter the o-and p-positions preferentially; the finding of 33-50% m-tyrosine in the monohydroxylated-ring products of the non-enzymic hydroxylation makes it unlikely that OH+ is the agent in the present case. Acheson & Hazelwood (1960) reached a similar conclusion in their studies of the system ferrous ionascorbic acid-oxygen. The proportion of mtyrosine formed in the non-enzymic reaction suggests that the hydroxylating reagent is less selective, i.e. more reactive, than hydroxyl-free radicals or trifluoroperacetic acid, which are electrophilic, giving low proportions of m-hydroxy compounds from anisole or toluene (Smith & Norman, 1963; Davidson & Norman, 1964) . This suggests an 'oxene' mechanism (Ulirich & Staudinger, 1966) . It seems probable that phenylalanine is attacked by a peroxide of dimethyltetrahydropterin formed by addition of molecular oxygen but without the intervention of a heavy metal ion as electron donor.
It is possible that, in the enzymic conversion of phenylalanine into tyrosine, the same peroxide as in the non-enzymic reaction is formed from proteinbound tetrahydropterin and molecular oxygen, the reaction following a similar course to the nonenzymic hydroxylation except that the orientation of phenylalanine and peroxidized cofactor on the enzyme surface leads exclusively to the formation of p-tyrosine.
As phenylalanine is always present in much greater amounts than the three tyrosines, the formation of considerable amounts of dihydroxyphenylalanines suggests that the presence of one nuclear hydroxyl group enormously increases the probability of a second entering the benzene ring. However, o-, m-and p-tyrosine do not form dihydroxyphenylalanines when incubated with dimethyltetrahydropterin. Simultaneous or almost simultaneous entry of two hydroxyl groups is possible and would suggest that one of the intermediate substances formed is sufficiently long-lived to be able to cause greatly enhanced reactivity.
